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Abstract
In this work, the sliding wear behaviour of the coatings TiN, CrN and WC/C 
applied on steel substrates was studied using a reciprocating wear test ma-
chine. All tests were carried out in dry conditions, at room temperature (20-
23°C and 45%−50% relative humidity). The average sliding velocity was 0.08 
m/s and an amplitude of 2 mm was used. The applied loads were 11.76 N (Po 
= 1.74 GPa) and 7.84 N (Po = 1.52 GPa). Optical microscopy was used to ob-
serve the characteristics of wear scars and spalls and possible causes of their 
formation. The variation of the friction coeﬃ   cient against the number of cy-
cles was obtained. This was used to determine more precisely the time (num-
ber of cycles) where the coating presented the ﬁ  rst signs of wear, in addition 
Energy Dispersive X-ray analysis (EDS) was performed, as well as Scanning 
Electron Microscopy (SEM) and hardness tests on the wear traces, which 
reinforced the previous observations. Thus it was possible to know the wear 
life of diﬀ  erent coatings and possible causes of variation. Increasing the load 
was an important factor in the variation of wear life results. But it is also 
important to consider other factors such as surface roughness and thickness 
of coatings.
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Introduction
Hard surface coatings have shown good performance 
in applications such as coating of cutt  ing tools, stam-
ping processes and forming and plastic injection 
tooling, amongst others (Vera et al., 2008). The aim of 
the present work was to study the wear and friction 
behaviour of coatings TiN, CrN and WC/C, when ex-
posed to dry sliding conditions. 
Diﬀ  erent standard substrate materials for applica-
tions in bearings and gears were studied. It was of in-
terest to know the wear performance of these coatings 
when sliding in dry conditions and with substrate ma-
terials not common in the literature (4320 steel, 8620 
steel and 4140 steel). 
One of the steels currently most commonly used in 
alloys for cutt  ing tools and bearings is 100Cr6 steel. It is 
intended to ﬁ  nd other alternatives in the types of steel 
that can be used for the applications mentioned when a 
thin ﬁ  lm hard coating is applied to improve its wear 
resistance.
Background
A great deal of research work about sliding wear and 
friction with coatings involves 100Cr6 (AISI 52100) steel 
as a substrate material (Srikant et al., 2004). Tungsten car-
bide coatings have been applied to improve the life of 
extrusion dies, metrology parts and bearings. The micro-
hardness ranges from 800 to 2100 HV. The properties 
such as microhardness and stoichiometry are strongly 
inﬂ  uenced by the deposition parameters (Bhusham et al., 
1991). For soft ﬁ  lms on hard substrates the load capacity 
decreases as ﬁ   lm thickness increases, while for hard 
ﬁ  lms on soft substrates the converse is true (Arnell et al., 
1991). Some of the work carried out associated with the 
use of hard coatings is shown in table 1.
Experimental details
Test apparatus
A reciprocating wear tester was used to carry out ball-
on-ﬂ  at wear tests. The tester holds the ball specimens in 
a clamp on the reciprocating arm and ﬂ  at disc speci-
mens in a base unit via another clamp. The reciprocator 
(LDS V201 vibrator) is controlled by a function genera-
tor. Friction measurements were taken via a load cell 
SM-50N model, with a capacity of 50 N and a nominal 
rated output of 3mV/V. Figure 1 shows a photograph of 
the wear tester (Green et al., 2005).
Test specimens
The disc specimens have a diameter of 19 mm and a 
thickness of 3.5 mm. The characteristics of the steel 
substrates and coatings used are shown in the table 2. A 
100Cr6 steelball (diameter 4.75 mm) was used. The coa-
tings were applied by Oerlikon Balzers in Mexico. They 
were deposited with the PVD technique in a BAI 1200 
machine with a high vacuum and at a temperature 
about 450°C.
Resumen
En este trabajo se estudió el comportamiento en desgaste por deslizamiento de los 
recubrimientos de TiN, CrN y WC/C aplicados sobre sustratos de acero. Las prue-
bas se realizaron con una máquina reciprocante en condiciones secas a tempera-
tura ambiente (20-23°C y 45%−50% de humedad relativa). Se empleó una 
velocidad promedio de 0.08 m/s y una amplitud de 2 mm. Las cargas aplicadas 
fueron de 11.76N (Po = 1.74 GPa) y de 7.84 N (Po = 1.52 GPa). Se realizó mi-
croscopía óptica para observar las características de las zonas de desgaste y sus 
posibles causas de formación. Se obtuvo gráﬁ  camente la variación del coeﬁ  ciente de 
fricción con el número de ciclos. Estos datos se emplearon para determinar con 
mayor precisión el momento donde se presentaron las primeras señales del des-
gaste, adicionalmente se realizaron análisis por Difracción de rayos X (EDS), así 
como Microscopía Electrónica de Barrido (MEB) y microdureza, que reforzaron 
las observaciones previas. Fue posible conocer la duración de los recubrimientos y 
las cusas de su variación. El incremento en la carga de trabajo fue un factor impor-
tante en la variación de la vida al desgaste. Sin embargo, es importante considerar 
otros factores tales como la rugosidad y el espesor de los recubrimientos.
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Reference Substrate material Coating Operating conditions Applications Results
   Polkar et al., 2006 Austenitic steel TiCN
Temperature: 
500 °C
Load: 15 N
Linear speed: 0.04 m/s
Tribometer: pin on disc
Sliding friction
Cutt  ing tools
The rises in temperature 
increase the friction 
coeﬃ   cient and wear rates 
on TiCN coatings.
Löhr et al., 2006 100Cr6 DLC
Slip rolling friction
Po= 1.5-2.3 GPa
Dry condition
Tribometer: twin disc
Speed: 390 rpm
Ball bearing races or 
cages
Acoustic Emission 
provides an easy solution 
for monitoring the wear 
life of DLC coatings.
Okumiya, 1999 100Cr6 TiN, CrAlN, CrN
Normal load: 50 N
Speed: 3 m/s
Tribometer: two roller 
Dry conditions
Ball bearings, gear 
wheels
No positive eﬀ  ect of 
rolling wear was found.
Carvalho et al., 1998 Tool steel TiN
Tribometer: pin on rig 
tester
Oil lubricated conditions
Load: 0.4 – 1.2 KN
Speed: 500 rpm, RCF
Cutt  ing tools
The fatigue life is at lower 
stress levels signiﬁ  cantly 
inﬂ  uenced by both the 
pre-treatment and the 
ﬁ  nal surface roughness of 
the material.
Singer et al., 1991 M2 Tool steel TiN
Sliding contact
Reciprocating sliding 
machine
Speed: 0.1 – 1 m/s
Load: 2 to 10 N
Cutt  ing tools, precision 
bearings
Wear of TiN took place 
in two stages. First an 
air formed oxide layer to 
TiN was transferred to 
the ball, then oxide debris 
transferred back to the 
TiN surface.
Table 1. Features of some previous research on hard coatings
Figure 1.  Universal reciprocating wear 
testerSurface and Sliding Wear Behaviour of Different Coatings and Steels
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Test procedure
The ball and ﬂ  at test specimens were cleaned of any re-
sidue oxide layer or machining lubricant by washing in 
ethanol in an ultrasonic bath (Fisherbrand FB 11020). 
Subsequently, the ball and disc specimens were dried 
with hot air. The specimens were placed in the clamps 
of the test machine. Then the test parameters were in-
troduced into the computer, such as: load, frequency 
and number of cycles. Finally the displacement ampli-
tude was selected (2 mm). The maximum contact pres-
sure was selected in such a way that wear would be 
produced with a low number of cycles. A Labview pro-
gram was developed to set up the parameters of each 
test and collect the data generated, which was basically 
the friction coeﬃ   cient versus time. On the screen it is 
possible to control the test parameters and follow the 
progression of the friction during every test. The tests 
performed with a load of 11.76N were run to 72000 cy-
cles and tests with a load of 7.84N were run to 108000 
cycles. 
This was predetermined with several preliminary 
tests, to see how many cycles were required to cause 
damage on the surface coatings. All coatings were tes-
ted at the same number of cycles. Not established a fa-
ilure criterion to mark the end of the wear life of coating. 
Table 3 shows the operating conditions of the tests con-
ducted.
Substrate
Material Coating
Average
Hardness 
HV
Average
Roughness
(Ra μm)
Young´s 
Modulus
GPa 
(for  the steel)
Poisson´s 
ratio 
(for the steel)
Coating
Thickness
μm
4320 steel
TiN
CrN
WC/C
Without 
Coating
1962
995
1258
780
0.25
0.31
0.44
0.35
200 0.3
3
2
3
8620 steel
TiN
CrN
WC/C
Without 
Coating
2507
1057
1261
720
0.37
0.21
0.42
0.32
200 0.3
3
2
3
4140 steel
TiN
CrN
WC/C
Without 
Coating
2248
1023
1147
550
0.21
0.23
0.38
0.30
200 0.3
3
2
3
Table 2. Properties of specimens
Substrate 
Material Coating
Samples 
tested Test atmosphere
Hertz  ian 
pressure GPa Load N
Frequency
Hertz  
Amplitude
mm
Cycles
4320 steel
TiN
CrN
WC/C
No coating 
3 of each 
coating
20-23
oC and 45% 
- 50% relative 
humidity
1.74 and 1.52
11.74 and 
7.84
20 2
72000 and 
108000
8620 steel
TiN
CrN
WC/C
No coating
3 of each 
coating
20-23
oC and 45% 
- 50% relative 
humidity
1.74 and 1.52
11.74 and 
7.84
20 2
72000 and 
108000
4140 steel
TiN
CrN
WC/C
No coating 
3 of each 
coating
20-23
oC and 45% 
- 50% relative 
humidity
1.74 and 1.52
11.74 and 
7.84
20 2
72000 and 
108000
Table 3. Test operating conditions89
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Results
Friction behaviour
The ﬁ  gure 2 shows the case of 4320 steel. It can be seen 
the diﬀ  erence in the friction behaviour for the three 
coatings. For TiN coating, was observed that the fric-
tion coeﬃ   cient begins to rise from 500 cycles and for 
CrN was observed that the friction coeﬃ   cient is greater 
with the minor load, and there is a great variation from 
5000 cycles. This was probably caused by the removal 
of the coating. In the case of the WC/C coating, the fric-
tion coeﬃ   cients obtained were very similar to those re-
ported by other works (Joost et al., 2008; Bonny et al., 
2008; Colik et al., 2006; Stewart et al., 2002) and by the 
supplier of the coatings (Balzers), was obtained a fric-
tion coeﬃ   cient average between 0.13 and 0.15. 
In the ﬁ  gure 3 appears the friction behaviour of 8620 
steel. For the TiN coating an increase in the friction co-
eﬃ   cient is seen from 2000 cycles; this may be due to 
shedding of the coating. For CrN, there is a higher fric-
tion coeﬃ   cient reaching a value of 0.4 from 1800 cycles. 
In some cases the friction coeﬃ   cient value was lower. 
For WC/C there were lower values in both load cases 
obtaining values until 0.1. This may be due to the low 
coeﬃ   cient of friction characteristic of WC/C, allowing a 
longer life. The shedding of this coating was in the form 
of small particles, which led to increased friction bet-
ween the surfaces in contact. According to this, with the 
load of 11.76N there is a greater contact pressure and 
the particles are displaced outside the contact zone, re-
ducing the coeﬃ   cient of friction, this situation was no 
presented with the lower load (7.84N) in which, the 
contact pressure is less, some of the particles were tra-
pped between the contact surfaces, increasing in some 
cases the coeﬃ   cient.
The tests with 4140 steel (ﬁ  gure 4), show for TiN 
coating a decrease in the friction coeﬃ   cient (0.25) from 
5000 cycles. Most of the tests carried out with TiN, after 
500 cycles, friction did not change much. It was further 
observed during some tests that the shedding of small 
particles occurred as a result of the sliding contact, cau-
sing an increase in the friction, because they act as abra-
sive bodies between the ball and coating (until 1000 
cycles). This was conﬁ  rmed with the analysis of wear 
and optical microscopy, shown later, where there are 
some indentations and scratches. For CrN coating, the 
coeﬃ   cient of friction turned out very similar for both 
loads, and no indication was seen when the coating 
could have been detached. Unlike the TiN coating, no 
characteristic wear patt  ern was seen in the specimen. In 
all cases with CrN coatings, from 10000 cycles, there 
were no considerable variations of friction coeﬃ   cient. 
Likewise it is noted that in most cases, the coeﬃ   cient of 
friction is higher, with a load of 7.84N. For the WC/C 
coating, there was similarity of the coeﬃ   cient of fric-
tion, ranging between 0.1 and 0.14 and there were no 
signiﬁ  cant changes. It can be inferred that the test was 
not suﬃ   cient to achieve damage in the coating. One of 
the tests was continued until 200000 cycles, without sig-
niﬁ  cant damage in the coating. 
Figure 2. Friction behaviour of coatings in the 4320 steel
Figure 3. Friction behaviour of coatings in the 8620 steel
Figure 4. Friction behaviour of coatings in the 4140 steelSurface and Sliding Wear Behaviour of Different Coatings and Steels
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Wear rate
The wear tests produced wear scars on the ﬂ  at steel spe-
cimens and steel balls. There were measurable grooves 
on the ﬂ  at specimens. The wear depth of each groove 
was measured using a Mitutoyo Surftest Proﬁ  lometer. 
As the depth varied along the length of the groove a 
number of depth measurements (transverse to the leng-
th of the groove) were taken. The experimental average 
depth was taken from these measurements. From this 
information the volume of a ‘perfect groove’ could be 
calculated (Green et al., 2005).  Wear rates were obtai-
ned from the scar proﬁ  les (some examples of which are 
shown in ﬁ  gure 5), which determined the size of the 
scar (depth, width and length). For the balls, wear di-
mensions were determined from measurements taken 
with an optical microscope. 
The speciﬁ  c wear rates in specimens of the diﬀ  erent 
coatings and substrates are shown in ﬁ  gure 6. In the 
case of TiN, the steel that presented greatest wear was 
4320 steel with a load of 7.84 N, then the 8620 steel with 
7.84 N and after that the 4140 steel for a load of 11.76 N. 
The smallest wear rate was with 8620 steel (11.76 N). 
The behaviour of the wear-load relationship for steels 
4320 and 8620 was in agreement with expectations, i.e. 
higher load, greater wear. This also explains why on the 
load-friction coeﬃ   cient relationship, there was greater 
detachment of the coating, but the coeﬃ   cients of fric-
tion were lower. For the CrN coating, it was more diﬃ   -
cult measure the wear volume to determine the wear 
rates, because the irregular form of the scar, it was used 
the average of the scars from the roughness proﬁ  les (ﬁ  -
gure 5). The greatest speciﬁ  c wear rate happened in the 
4140 steel (11.76 N), and the lowest value was presented 
in the 4320 steel (7.84 N). For the WC/C coating, the 
wear was greater in the balls than in the coating (ﬁ  gures 
6 and 7), due in part to the low coeﬃ   cient of friction. In 
general, the wear rates in the specimens were similar in 
all substrates and types of load. The wear rates of subs-
trates (without coating) displayed in ﬁ  gure 6, indicate 
excessive wear in the substrate and litt  le wear in the 
balls (ﬁ  gure 7). The wear rates in balls are presented in 
ﬁ  gure 7. For the TiN, the greatest value was presented 
at the ball in contact with the 4320 steel (11.76 N) after 
this is the case of 8620 steel with a load of 7.84N and 
then the 4140 steel with a load of 7.84 N. The lowest 
wear rate was presented in the 4320 steel (7.84 N). For 
the balls in contact with CrN, the highest wear rate ha-
ppened in the ball against the 4140 steel with a load of 
7.84 N. In the balls in contact with WC/C, there are sig-
niﬁ  cant variations, especially in those with a load of 
7.84N and 108000 cycles. This suggests that in this case, 
the duration time of the test was more signiﬁ  cant rather 
than the applied load. The greatest wear was presented 
in the ball against 8620 steel (load of 7.84 N). This re-
ﬂ  ects the current application of this coating for cutt  ing 
tools. The balls in contact with substrates, as was expec-
ted, the greatest ball wear was presented in the balls 
against the 4320 steel (700Hv), then the 8620 steel 
(700Hv) and ﬁ  nally in the 4140 steel (550Hv). Greater 
damage occurs with the implementation of higher 
loads and not with longer tests.
Figure 5. Roughness profiles
Figure 6. Wear rates in specimens
Figure 7. Wear rates of 100Cr6 balls run against coatings91
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Optical microscope, SEM and EDS
The ﬁ  gures 8 and 9 show some images of the wear scars 
of the coatings and balls respectively. In the case of TiN, 
it shows that the wear scar has a regular form, which 
helped to determine the volume of wear; the brighter 
areas are exposed substrate. The SEM micrographs (ﬁ  -
gures 10a and 10b) show the wear scars for 8620 steel 
with a TiN coating and the characteristics of wear wi-
thin the scar. Detachment or complete disappearance of 
the coating can be observed in some areas. This can also 
be observed in the EDS analysis shown in ﬁ  gure 11a. 
Other work has shown similar results (De Bruyn et al., 
1993).
In the CrN coating, it can be seen that clear scars 
were not formed as with the other coatings, instead iso-
lated areas and irregular wear were seen. The dark 
areas are still coated and the clear areas are where the 
substrate material has been exposed (ﬁ  gure 8b).
To determine that in some areas the coating was re-
moved it was necessary to test hardness, such as that 
shown for the steel 4320 with a load of 11.76N (ﬁ  gure 
8e), where the wear scar produced by Vickers indenta-
tion appears, and whose measurement corresponded to 
the substrate (700 HV). The SEM micrograph (ﬁ  gure 
10c and 10d) shows that wear produced was irregularly 
shaped in the 4320 steel with a coating of CrN. Figures 
10e and 11b show a SEM micrograph and EDS graphic 
respectively, of 4140 steel with CrN coating, in the ﬁ  rst, 
the clear areas represent removed coating (substrate) 
and the second shows how the content of Chromium 
has decreased signiﬁ  cantly.
 In the WC/C coating, the scar was also produced in 
a regular form, but narrower than that produced with a 
TiN coating. The duration of the tests was not suﬃ   cient 
to cause considerable damage in the coating, and what 
is seen in the ﬁ  gures are wear scars but never with a 
completely detached coating. In the case of the substra-
te (without any coating), the wear scars produced were 
well-deﬁ  ned geometrically. A brighter area is visible in 
the image (ﬁ  gure 8c), which indicates a surface polis-
hing by the contact with the ball and also severe plastic 
deformation.
For the balls, all images (ﬁ  gure 9) show the wear 
produced by the contact with diﬀ  erent coatings in the 
4140 steel substrate. In some cases as can be seen, the 
scars are big, which also can be veriﬁ  ed in the wear ra-
tes (ﬁ  gure 7). For the TiN coating, in some cases, adhe-
sion of coating material on the ball was observed, 
presumably particles of TiN, however when making 
EDS (ﬁ  gure 11c), evidence was not found to conﬁ  rm 
this. The diameter of scar in most cases was approxima-
tely 1.2 mm. In some cases, grooves were found due to 
contact with the coating, such as 4320 steel (7.84N) and 
8620 steel (11.76N). It may be noted in some situations, 
the wear scar is uniform (circular), but in most of cases 
they have an elliptical form or are irregular. This is 
mainly due to the direction of slip and the applied load, 
but may also be due to factors related to the adhesion of 
the coating and possible upset in holding the ball.
In the case of balls in contact with the coating of 
CrN, most have an almost circular scar and wear was 
more regular in the surface coating and in the ball. This 
can be seen clearly in the images (ﬁ  gure 9) for the 4140 
steel, which show the wear scar with well deﬁ  ned ed-
ges, without cracks. Within the scars, there are some 
small dark points, which were formed due to contact 
with third bodies, like wear particles of the same coa-
ting or ball material. In general it was found that there 
was less wear on the balls in contact with CrN, than 
with TiN.
When in contact with the WC/C coating, the size of 
wear scar in the balls is much lower when compared 
with the previous coatings. The diameter of the scar is 
in the order of 0.6mm, almost half that of the scars wor-
ked with TiN and CrN coatings. As mentioned earlier, 
referring to the coeﬃ   cient of friction and wear rates, 
this is mainly due to the low coeﬃ   cient of friction oﬀ  e-
red by the WC/C. Even for example in the case of 4140 
steel, the scar has a irregular form, with spots that are 
actually deeper scars, that could also have been caused 
by the original surface defects on the surface of the ball, 
which can be seen in the same image (ﬁ  gure 9). It is 
worth mentioning that in the case of this coating, the 
cycles to which the discs were subjected, were not suﬃ   -
cient to cause damage in the coating completely. See 
also ﬁ  gures 6 and 7 which show the vast diﬀ  erence bet-
ween the wear in the coating and in the balls.
In the case of contact with the substrate, in all cases 
lower wear on the balls was observed than with coa-
tings. The diameter of the scars was of the order of 
0.55mm and they had an elliptical form. It is worth 
mentioning that for these cases, the diameter was deter-
mined from the average of greater and lesser diameters. Surface and Sliding Wear Behaviour of Different Coatings and Steels
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Figure 8. Optical microscope of 4320 steel: a) TiN, b) CrN, 
c) WC/C, d) No coating, e) CrN Hardness test
a)
b)
c)
d)
e)
a)
b)
c)
d)
Figure 9.  Optical microscope photos of balls (100Cr6) against 
4140 steel: a) TiN, b) CrN, c) WC/C, d) No coating93
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Figure 10. SEM micrographs of wear scar: a) and b) 8620 steel, 
TiN coating, c)  and d) 4320 steel, CrN coating, e) 4140 steel, 
CrN coating
Figure 11. EDS graphics: a) 8620 steel specimen with a TiN 
coating, b) 4140 steel specimen with a CrN coating, c) 100Cr6 
steel ball, in contact with a 4320 steel specimen with TiN 
coating
a)
b)
c)
d)
e)
a)
b)
c)Surface and Sliding Wear Behaviour of Different Coatings and Steels
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Discussion
Sliding wear behaviour of TiN, CrN, and WC/C coatings 
was evaluated in dry conditions, friction coeﬃ   cients, 
wear rates and SEM micrographs were obtained, as well 
as EDS analysis, to determine whether there was transfe-
rred material of the coating to the ball, and to analyze the 
degree of wear of the coating on the substrate.
In the case of TiN coating, applied to steels AISI 
4320, 8620 and 4140, the images in ﬁ  gure 8, show a scar 
characterized by a failure mechanism initiated by abra-
sion. The wear in the coating was caused by contact 
with the ball. TiN particles removed, joined on the ball, 
which caused further acceleration of wear. In ﬁ  gure 8 
can be seen that the mechanism of wear was similar in 
all tested steels. First there was a high detachment of 
the coating in the form of small particles, which were an 
important factor to accelerate the gradual wear of the 
coating. The particles, in direct contact between the sur-
faces, caused noise and vibration, creating instability in 
the system. This may have led to a rise in temperature 
in the contact area, further weakening the coating. In 
most cases the tests were run until the total detachment 
of the coating, and even appear to wear on the substrate 
(shiny appearance at the scar) occurred.
In the case of the ball, in this type of coating there 
was not adherence of TiN on the ball, corroborated by 
EDS analysis. In some cases uniform wear was not ob-
served on the ball, forming irregular areas, perhaps due 
to the presence of abrasive particles that are displaced 
from the centre toward the sides. This phenomenon 
was observed mainly in tests with the load of 11.76N.
In the case of the CrN coating, it was diﬃ   cult to 
identify the mechanism of failure. The wear originated 
does not follow a traditional patt  ern as in the case of 
other coatings. Uniform wear was not seen and it was 
diﬃ   cult to detect visually the release of the coating. 
Wear particles were observed to a lesser amount than 
with the TiN coating. Adhesion of CrN was not obser-
ved in the ball. The wear in the ball was uniform and 
larger compared with TiN and WC/C. This coating had 
bett  er wear resistance than TiN. The CrN coating acts 
as a repellant to the mechanisms of failure of traditional 
sliding wear, resulting in small areas of wear of the coa-
ting that are isolated and irregularly shaped (ﬁ  gure 8). 
Some tests lasted until 150000 cycles without any chan-
ges in the surface or size of the areas of wear. Noise and 
vibration were not apparent. As can be seen in ﬁ  gure 6, 
wear rates on the ball were greater than in the other 
coatings, reinforcing the idea of the high wear resistan-
ce of the CrN. This coating, acted eﬃ   ciently in this type 
of wear, under the speciﬁ  c conditions of the tests con-
ducted, showing litt  le wear on the surface of the three 
tested steels. This explains the recent high use of this 
type of coating on diﬀ  erent applications of mechanical 
parts subject to sliding wear, including cutt  ing tools, 
guides, dies, and so on.
The WC/C coating showed the best performance in 
this work. The wear rates of this coating and balls were 
the lowest of the three coatings employed (ﬁ  gures 6 and 
7). The low coeﬃ   cient of friction (0.15 - 0.2. see ﬁ  gure 3) 
is the most important factor that led to low wear rates. 
The wear scar apparently shows a detachment of the 
coating (ﬁ  gure 8). However, closer examination shows 
this is polishing on the surface and the coating is actua-
lly intact. In the case of the ball in contact with this coa-
ting, ﬁ  gure 9 shows that traces of wear are smaller than 
in the case of other coatings. In trials with this coating, 
particles did not appear that could act as an abrasive in 
the contact area and that might have accelerated wear. 
Under the conditions of the experiments signiﬁ  cant 
wear did not occur in tests are left to run for more than 
3 hours (200,000 cycles).
In the experiments outlined in this paper studying 
sliding wear, TiN and CrN showed a bett  er performan-
ce in comparison with results obtained previously in 
RCF tests (Vera et al., 2008). These results showed poor 
resistances to this kind of wear (RCF), and the coatings 
rapidly detached, particularly the TiN.
There was no signiﬁ  cant diﬀ  erence among the three 
substrates. However, one can see that the results of 
wear rates and scars seen by optical microscopy and 
SEM, in most cases, the 4320 steel gives slightly bett  er 
wear performance than the other two. According to the 
chemical composition of the substrates, the major diﬀ  e-
rence between them is the content of nickel. This gives 
the properties of high strength, yield strength greater 
than carbon steels, high temperature resistance and co-
rrosion. The 4320 steel has a high percentage of nickel 
(1.62 - 2%), which reinforces the veracity of the results 
achieved.
Substrates AISI 4320, 8620 and 4140 used in this stu-
dy showed acceptable properties to resist sliding wear 
and provide an eﬃ   cient alternative for implementation 
under the conditions used in this work.
Conclusions
According to studies of friction coeﬃ   cient and wear be-
haviour of the TiN, CrN and WC/C coatings deposited 
onto 4320 steel, 8620 steel and 4140 steel substrates test-
ed in dry conditions at room temperature and analysis 
of the wear scars using optical microscopy and SEM, 
the conclusions are as follows:95
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•  There were no signiﬁ  cant changes in the coeﬃ   cient 
of friction between the three substrate materials 
tested. But signiﬁ   cant changes among the three 
coatings used were found, especially with the 
WC/C coating.
•  In some cases, the variation of the friction coeﬃ   -
cient against the number of cycles indicated the re-
moval of the coating, mainly with the CrN coating.
•  In most cases, there were no signiﬁ  cant variations of 
the coeﬃ   cient of friction between the two loads used 
in this study, especially with the WC/C coating.
•  The behaviour of speciﬁ  c wear rates for TiN coa-
ting was higher in the specimens and lower in the 
balls. In the case of CrN and WC/C coatings, the 
opposite happened.
•  The WC/C coating, presented the best wear resis-
tance by sliding, when it was tested until 200000 
cycles, without substantial damage.
•  It is feasible to use these substrates subjected to sli-
ding wear, providing another alternative for the 
selection of materials in the manufacture of mecha-
nical elements subjected to this type of wear.
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